Abstract. The chlorophyll-protein and polypeptide composition of manganese deficient and control sugar beet thylakoids was examined using three different detergent-electrophoresis systems. On a per chlorophyll basis, manganese deficiency reduced the amounts of CPa complex (separated by sodium dodecylsulfate (SDS)-polyacrylamide gel electrophoresis), and CP 47 and CP 43 complexes (separated by octylglucoside/SDS-polyacrylamide gel electrophoresis) without decreasing the amounts of light harvesting complexes. Lithium dodecylsulfate/Triton X-100 polyacrylamide gel electrophoresis showed that manganese deficiency decreased several thylakoid polypeptides, including a chlorophyll b containing 30 kilodalton chlorophyll-protein complex, but did not decrease the amounts of 28 and 29 kilodalton light-harvesting chlorophyll b-containing polypeptides.
Introduction
The effects of Mn deficiency on plant metabolism are manifold: enzymatic activities, total protein content and different stromal proteins have all been shown to change in response to Mn stress [16, 20, 21] . One of the most striking influences of Mn deficiency, however, is manifested in the chloroplasts [27, 35] , where it results in a reduction in the rate of PSII electron transport [3, 33, 34; for review see 2, 31] . The specific location of the Mn binding site in PSII is still unknown [1, 13, 26] . Although mild Mn deficiency usually results in no apparent change in chloroplast stacking [33, 35] , a recent study using freeze-fracture electron microscopy [33] showed that the number of EFs particles in the thylakoid is reduced whereas the number of PFs particles is unchanged. EFs particles are thought to be composed of the PSII core complex (i.e., reaction center polypeptides and closely associated electron carriers) and at least part of the LHCP that acts as an antenna for the PS II complex [18] . The PFs particles appear to represent several components of the membrane, including PS I, Cyt b6-f complex, CF0 and part of the LHCP [18] .
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Manganese deficiency has been shown to reduce Chl a/Chl b ratios [3, 8, 21, 33] . Little information is available on the effects of Mn deficiency on the amount of the different Chl-proteins [19] but the decrease in the Chl a/b ratio could be due to a preferential decrease in Chl a-containing Chl-proteins relative to Chl b-containing light-harvesting complexes. This hypothesis is tested in the present work using three different methods: 1) the Anderson et al. [4] method which solubilizes all of the thylakoid and gives little free pigment; 2) the Carom and Green [10] procedure which gives better resolution of the PS II Chl-proteins; and 3) the LiDS/Triton X-100 method that separates polypeptides in longer gels with good resolution, while preserving some of the Chl-protein complexes [29] .
Materials and methods

Plant cultivation
Sugar beet plants (Beta vulgaris L. cv. F 58-554H1) were cultured in nutrient solution at 25~C, 500/~Em -~ s -1 photon flux density (400-700nm) and a 16 h photoperiod. Following two weeks (seeds sowed in vermiculite) in halfHoagland's solution, plants were cultivated from transplanting for 2-3 weeks in the nutrient solution without Mn. Young, expanded leaves were used for subsequent analysis.
Thylakoid extraction
Fresh leaves were blended in a Waring Blender in 0.2% Na ascorbate, 1% PVP, 0.1% BSA, 1 mM EDTA, 5 mM MgC12, 5 mM NaC1, 0.4 M sorbitol and 50 mM Tricine/NaOH pH 7.8 [7] . The extract was filtered through 4 layers of Miracloth and centrifuged 3 rain at 1,000 g. The pellet was resuspended in the isolating medium (without BSA and ascorbate) and loaded in a 40%-80% discontinuous Percoll gradient [30] . The intact chloroplast fraction was washed two times in 50 mM sorbitol, 50 mM Tricine/NaOH pH 8.0 and stored in liquid N2.
Gel eleetrophoresis
For Chl-protein analysis, thylakoids were solubilized with SDS (SDS/Chl ratio of 7/1 w/w) in 0.3 M Tris/HC1 pH 8.0 [4] and loaded on slab gels [5] . Gels were run at 2.5 mA/ge! for two hours (after introduction of all the green material in the stacking gel). Gels were scanned at 663 nm [22] and the relative amount of Chl in each band determined from the area under the curves. Thylakoid solubization with octylglucoside was performed with a detergent/Chl ratio of 10/1 (w/w) in 2 mM Tris-maleate pH 8.0 [10] . The solubilized material was separated in 10% polyacrylamide gels [ 10] .
For polypeptide analysis, 10-20% polyacrylamide gels were prepared following the procedure of Delapelaire and Chua [12] . Solubilization was carried out with the addition of LiDS and Triton X-IO0 (LiDS/Triton X-100/ protein ratio of 4/2/1) in the Laemmli's buffer [29] . Gels were run at 15 mA and stained with TMBZ to localize heme-binding polypeptides [17] , or with Coomassie briliant blue. The spectra of the green bands were measured directly on slices cut from the unstained gels.
Electron transport measurements were carried out following the procedures of Ball et al. [7] . Chl a and b were determined in 80% acetone [6] and totalprotein using a modified Lowry procedure [29] .
Results
When gels were run according to the Anderson method [4] , the PS II Chlprotein, CPa, decreased significantly in the Mn deficient thylakoids ( Figure  1A ). Table 1 shows the percentage distribution of Chl among the different types of pigment-protein complexes and free Chl. Mn deficiency decreased the proportion of Chl in CPa from 16 to 9% and in 2CP1 complexes from 22 to 17%, and increased the Chl in the antenna complexes (NLHCP) from 43 to 52%. On an areal basis, CPa was reduced to 31% of the control, compared to 66% for NLHCP. Using octylglucoside solubilization of the thylakoid membranes, Camm and Green were able to separate two Chl-protein complexes closely related to the reaction center ofPS II, CP43 and CP47 [10, 11, 28] . Using the same procedure, our gels show that both CP43 and CP47 were diminished by Mn deficiency (Fig. 1B) . However, the ratio of CP 43/Chl to CP-47 Chl was 1.5 in Mn sufficient and deficient plants.
Thylakoid polypeptides were resolved using LiDS/Triton X-100 solubilization and 10-20% gradient polyacrylamide gels. This technique gave an excellent resolution of the thylakoid polypeptides, and had the advantage of retaining appreciable amounts of Chl linked to several apoproteins [29] . Unstained gels run with the LiDS/Triton X-100 system were similar to those published previously [29] . They exhibited an upper band (CP1), an intermediate band (oligomer of LHCP) and three main bands in the LHCP Migrotion Distance, (cm) Figure 2 . LiDS/Triton X-100 polyacrylamide gel electrophoresis of Mn deficient and control thylakoids. Densitogram (580nm) of the Coomassie blue stained gels. The location of the green bands and TMBZ stainable polypeptides is indicated in the figure.
monomer region (Figure 2 and 3A, gels loaded on a protein basis). The largest polypeptide (apparent MW, 30 kD) of the LHCP group was decreased in Mn deficient tissue, while the two smaller ones (apparent MW 28 and 29 kD) were increased considerably. TMBZ stained gels showed that the amount of cytochromes f and b 6 were not decreased in the Mn deficient thylakoids (data not shown).
The spectrum of the 30kD band appears to differ from the other three Chl b containing bands ( Figure 3B ). The 30 kD complex showed an absorption maximum at 675 nm, while the other bands showed peaks at 672-673 nm and a distinct absorption due to Chl b in the 650-655 nm range. The amount of Chl b present in the 30 kD protein appeared to be much lower than in the other complexes.
Staining the LiDS/Triton X-100 polyacrylamide gels with Coomassie blue showed that Mn deficiency decreased the polypeptides running at 45 and 50 kD (thought to be an internal Chl a antenna and the reaction center of PSII, respectively [11, 28] ), as well as a 32kD protein and a polypeptide running at approximately 10 kD (Figure 2 ). Polypeptides at 35 and 26 kD, which may also be associated with PSII, were diminished too, although in 14cm gels ( Figure 2 ) other comigrating polypeptides made their identification difficult (in 30cm gels, however, these polypeptides were well resolved, data not shown). The polypeptides situated in the LHCP region followed the pattern of the unstained gels; the polypeptides corresponding to the upper green band was decreased and the polypeptides corresponding to the lower green bands was increased (gels loaded on a protein basis) in the Mn deficient thylakoids.
In agreement with other work on plants in the early stages of Mn deficiency [33] , PSII activity was reduced, while PSI activity was slightly increased in the Mn deficient tissue (Table 1 ). Also as expected [8] , the Chl a/b ratio was decreased by Mn deficiency (Table 1) .
Discussion
The present work, as well as earlier research on Mn deficiency [3, 8, 21, 33] showed that Chl a/b ratios were decreased. Using three different detergentelectrophoresis systems, our research suggests that the decrease in Chl a/b ratios occurred because Mn deficiency preferentially reduced the amount of PS II reaction center-associated complexes without diminishing the amount of LHCP on a Ctfl or protein basis. In the Anderson method CPa, thought to contain the reaction center of PS II [4] , was significantly diminished by Mn deficiency while in the Camm and Green method, CP 43 (internal Chl a antenna) and CP47 (PSII reaction center [11, 28] ), were reduced. In the LiDS/Triton X-100 method the proteins corresponding to these complexes were also decreased by Mn deficiency as were other polypeptides (35, 32, 26 and 10kD) probably related to the PSII 02 evolving system [9, 25] . This same procedure also clearly showed that Mn deficiency increased, on a protein basis, the amounts of the 28 and 29 kD LHCP polypeptides. Thus, the data presented in this work explain the change in the Chl a/Chl b ratio usually found in Mn deficient plants in terms of the amounts of different Chl-protein complexes. However, it is yet unclear if the modification in the Chl-protein composition is the consequence of a photodestruction of functional PSII units depleted in Mn, as suggested [33] , or because Mn is required for the assembly of these units.
Our findings correlate with the structural studies of Simpson and Robinson [33] who found that Mn deficiency decreased the number of EFs particles (associated with PS II reaction centers) without affecting the number of PFs particles (associated with LHCP and thylakoid stacking [18] ). Comparison of our results with those of Simpson and Robinson suggest that CPa, CP43, CP47 (and probably the 30kD) Chl-proteins may be part of the EFs particle, and that the 28 and 29 kD LHCP polypeptides are more likely to be associated with the PFs particles. This supports the view put forward by Simpson [32] that part of the LHCP must be present in the PFs particle (i.e., not all of the LHCP is present in the EFs particle).
An interesting finding of the present results is the apparent differences in the response of the 30kD Chl-protein to those of the 28 and 29 kD Chlproteins to Mn deficiency. The absorption spectrum of the 30kD band is similar to the Chla/b-P1 of the Machold and co-workers [23, 24] and to the CP29 of Camm and Green [10, 15] . This band may represent an internal antenna for PS II [14] and in the present study seems to decrease in the Mn deficient tissue. A similar differential behaviour has been shown in ironnutrition mediated chloroplast development [29] .
